ABSTRACT LING, CHUNG-MEI (Illinois Institute of Technology, Chicago), AND L. R. HEDRICK. Proline oxidases in Hansenula subpelliculosa. J. Bacteriol. 87:1462J. Bacteriol. 87: -1470J. Bacteriol. 87: . 1964-Cells of Hansenula subpelliculosa can use L-proline as a carbon and a nitrogen source after a 6-to 8-hr induction period. However, they cannot use L-glutamate as both nitrogen and carbon sources unless the induction period is of several days' duration. Two L-proline oxidases were demonstrated in the mitochondrial preparation of this yeast. One forms the product A'-pyrroline-2-carboxylic acid (P2C), which is in equilibrium with a-keto-8-amino-valeric acid; the other forms the product A'-pyrroline-5-carboxylic acid (P5C), which is in equilibrium with glutamic--ysemialdehyde. The first-mentioned enzyme is induced when L-proline is the carbon source; the second appears to be constitutive, and is probably associated with the use of L-proline as a nitrogen source. The P2C-forming enzyme is specific for the i. isomer of proline, and is inactive against Lhydroxyproline. The enzyme activity is at its peak when the mitochondria are prepared from logarithmically grown cells, and is rapidly reduced after cells reach the stationary phase of growth. Kinetic liver. Working with mammalian liver and kidney, Blanchard et al. (1944) reported that L-proline was oxidized to A'-pyrroline-2-earboxylic acid (P2C). The latter compound is also a product of D-proline oxidase of sheep kidney (Krebs, 1939) . However, an L-proline oxidase in rat mitochondria was recently demonstrated to oxidize L-proline to A'-pyrroline-5-carboxylic acid (P5C; Johnson and Strecker, 1962) . This latter compound is in chemical equilibirium with glutamic--y-semialdehyde, and can be oxidized by beef liver mitochondria to L-glutamic acid (Strecker, 1960) . The same pathway for conversion of L-proline to L-glutamic acid occurs in a mutant strain of Escherichia coli (Strecker and Mela, 1955) . Meister (1954) showed that P2C is in equilibrium with a-keto--amino-valeric acid.
second appears to be constitutive, and is probably associated with the use of L-proline as a nitrogen source. The P2C-forming enzyme is specific for the i. isomer of proline, and is inactive against Lhydroxyproline. The enzyme activity is at its peak when the mitochondria are prepared from logarithmically grown cells, and is rapidly reduced after cells reach the stationary phase of growth. Kinetic (a-keto-6-amino-valeric acid) or P5C (glutamic--y-semialdehyde) as substrates.
No glutamic dehydrogenase activity could be detected when L-glutamic acid and the nicotinamide adenine dinucleotide (NAD+) cofactor were added to the supernatant solution with the yeast enzymes. The presence of a dehydrogenase NAD+ enzyme for activity with P2C (a-keto-6-aminovaleric acid) has not been previously reported. liver. Working with mammalian liver and kidney, Blanchard et al. (1944) reported that L-proline was oxidized to A'-pyrroline-2-earboxylic acid (P2C). The latter compound is also a product of D-proline oxidase of sheep kidney (Krebs, 1939) . However, an L-proline oxidase in rat mitochondria was recently demonstrated to oxidize L-proline to A'-pyrroline-5-carboxylic acid (P5C; Johnson and Strecker, 1962) . This latter compound is in chemical equilibirium with glutamic--y-semialdehyde, and can be oxidized by beef liver mitochondria to L-glutamic acid (Strecker, 1960) . The same pathway for conversion of L-proline to L-glutamic acid occurs in a mutant strain of Escherichia coli (Strecker and Mela, 1955) . Meister (1954) showed that P2C is in equilibrium with a-keto--amino-valeric acid.
In the study of L-proline metabolism in the yeast Hansenula subpelliculosa, we found that L-proline can serve as the sole nitrogen and carbon source, after a lag of 6 to 8 hr, whereas L-glutamic acid can supply the carbon and nitrogen needs only after an induction period of more than 3 days. Under this condition, moderate growth (optical density of 0.82) is attained with L-glutamate as both the carbon and nitrogen source. A diauxie-type curve is manifested after growth in a defined medium with excess L-proline and a limited (300 to 500 ,ug/ml) glucose supply. With ammonia as a nitrogen source, a-ketoglutarate or suceinate will supply the needed carbon for growth.
The purpose of the work reported in this paper was to study the enzyme systems of H. subpelliculosa as related to L-proline metabolism, with emphasis on the characterization of one of the L-proline oxidases. Attempts were also made to elucidate the possible pathways of the metabolism of L-proline in this yeast, so that the afore-mentioned growth characteristics can be reasonably explained. Taggart and Krakaur (1949) found that L-proline was converted to glutamic acid in mammalian MATERIALS AND METHODS The yeast studied was H. subpelliculosa Y 1683, a "slow" strain isolated in our laboratories. This strain grows somewhat more slowly than does the normal one in L-proline as a carbon and nitrogen source; the growth rate in L-glutamic acid as a carbon and nitrogen source is much slower than that of the normal strain. Cells used as an inoculum were grown on a shaker in a medium consisting of (NH4)2S04 , 300 mg of N per ml; glucose, 2 mg/ml; and the salts and vitamins used by Wickerham (1946) . These cells were separated from the supernatant fluid by centrifugation, and were washed twice with sterile 0.001 M P04 buffer (pH 7.0). Packed cells stored at 4 C served as an inoculum for a period of 1 week. These cells were added to the experimental media so that the initial optical density was 0.1.
Two types of experimental media were employed: (A) L-proline as a carbon and nitrogen source for the induction of proline oxidase, and (B) proline as a nitrogen source with production of a low level of proline oxidase. The composition of these media is as follows: (A) glucose, 500 ,g/ml, and L-proline, 2 mg/ml, in the salts and vitamin solution of Wickerham (1946) ; (B) glucose, 2 mg/ml, and L-proline, 2 mg/ml, in the salts and vitamin solution. The media were adjusted to pH 6 prior to autoclaving. Glucose was sterilized separately and added aseptically.
In either medium, after an inoculation so that the initial optical density was 0.1, cells were in the logarithmic growth phase after agitation on a shaker for 24 hr at 28 C. The shaker had a rotary speed of 180 rev/min. The wet weight yield in medium A was 4 g per liter; in medium B, it was 7 g per liter.
The nicotinamide adenine dinucleotide (NAD) coenzyme and cytochrome c were purchased from Sigma Chemical Co., St Cellular fragments were removed by centrifugation at 1,370 X g for 10 min at 4 C. The mitochondrial fraction was centrifuged at 24,000 x g for 30 min at 4 C. A centrifugal sediment at 3,100 X g, after removing cellular fragments, showed the same specific activity of the proline oxidase as did the sediment at 24,000 X g of the supernatant fluid of 3,100 X g; therefore, the centrifugation at 3,100 X g was omitted throughout the remainder of the study. The proline oxidase is in the mitochondrial particles. The NAD enzymes which use the products of proline oxidase as substrates are in the supernatant fraction.
Rat liver mitochondria were prepared according to the method of Johnson and Strecker (1962) . D-Proline oxidase was extracted from acetone powder of sheep kidney by the method of Krebs (1939) . Fineham (1953) . For isolation of the oxidation products, the finished chromatograms were airdried at room temperature; a strip of the filter paper was cut out from the chromatogram and sprayed with the ninhydrin solution as a guide to the positions of the bands, so that corresponding bands on the unsprayed portion of the chromatogram could be cut out for the elution with distilled water or sodium pyrophosphate for spectral determinations or enzymatic assays.
Ammonia determination was by the micro diffusion method (Conway and O'Malley, 1942) .
The specific activity of the enzymes was calculated from the absorbancy and molar extinction coefficients in spectrophotometric assays, and from the oxygen consumption in Warburg experiments. Absorbancy changes for cytochrome c were read at 550 mu, with potassium ferricyanide at 410 m,u, and with NAD+ at 340 m,u. The concentration of reduced electron acceptors was determined with molar extinction coefficients, which are 1.8 X 104 for cytochrome c (the difference between the reduced and the oxidized form), 1.0 X 103 for ferricyanide, and 6.2 X 103 for reduced NAD (NADH).
RESULTS
Growth rates of the "slow" and normal strains of H. subpelliculosa, when cultured in the defined medium with L-proline or L-glutamic acid as the source of carbon and nitrogen, are given in Table 1 . In this experiment, the inoculum was such that the initial optical density was about 0.02, which is much less than the optical density of 0.1 used for growth of cells for enzyme studies. With the latter size of inoculum, 500 ,ug/ml of glucose as in medium A, and L-proline as the principal carbon and nitrogen source, an optical density of 0.9 to 1.0 was attained within 24 hr.
Cells of the "slow" strain grown in medium A Table 2. cytochrome c in studies with the DU spectrophotometer.
Addition of amytal to a final concentration of 10-3 M does not inhibit the oxidation of L-proline.
Because amytal is a specific inhibitor of NADH cytochrome c reductase (Smith and Hansen, 1962) , electrons in the oxidation of L-proline do not flow through NAD enzymes to the cytochrome systems. This is in agreement with the report of Johnson and Strecker (1962) for the rat liver mitochondrial enzyme. The incorporation of catalase in the reaction mixture of the Warburg experiment increased the oxygen consumption more than twofold. This was very likely due to the elimination of hydrogen peroxide, which arose from the oxidation of L-proline, and which might be inhibitory to the proline oxidase.
Effect of substrate upon induced L-proline oxidase activity. Proline oxidase from H. subpelliculosa is specific for the L isomer of proline. The reduction of cytochrome c, as measured by the change in optical density at 550 mp with DL-prohne, was only one-half that for L-proline. Furthermore, L-hydroxyproline will not serve as substrate for this enzyme. The proline oxidase in rat liver is active against hydroxyproline (Johnson and Strecker, 1962) . In spectrophotometric measurements, a saturation of the enzyme by the substrate i-proline was attained when the substrate concentration was 30 mm or higher for 0.27 mg/ml of (crude extract) enzyme protein (Fig. 1) . The Michaelis-Menten constant, estimated from a double reciprocal plot of reaction rates against the L-proline concentrations, is 2.45 X 10-2 M.
In the next few sections, evidence will be presented that P2C is the principal product of the oxidation of L-proline by mitochondria from H. subpeUliculosa cells in the log phase of growth, with 1-proline as the carbon source. As P2C has not been synthesized, experimental quantities were produced by the reaction of enzymes from sheep kidneys upon DL-proline (Krebs, 1939) , and were isolated by paper chromatography.
Paper chromatography studies. For comparative studies, the products of the activity of proline oxidase from yeast and from sheep kidney were prepared. Mitochondrial enzymes from H. subpelltculosa were permitted to act upon L-proline, and the D-proline oxidase from sheep kidney was permitted to act upon DL-proline. Paper chromatograms were prepared for both of these reactions. Two identical spots appeared on each chromatogram; one spot was the substrate proline, which gave a yellow color surrounded by a pink ring, and the second spot, which was purplepink in color, was P2C. The solvent used in this experiment was n-butanol-acetic acid-water (77.0:4.5:18.5). Synthetic P5C, treated similarily on paper chromatograms, has a bright pink color, and its rate of migration is faster than that of P2C.
Treatment of the purple-pink spots, representing P2C from either the yeast or sheep kidney enzymes activity, with hydrogen peroxide resulted in the disappearance of the spots. The P2C Johnson and Strecker (1962) . Areas correslponding to those with the purlple-l)ink spots were eluted with pyrop)hosp)hate buffer for enzymatic and spectral studies.
The 2, 4-dinitrophenylhydrazone of the enzymatic reactions was separated and detected by paper chromatography. With the synthetic P5C and the enzymatically prepared P2C as controls, the 2,4-dinitiropheiylhydrazine derivative of the product of L-plroline oxidase reaction from II. suibpelliculosa mitochondria appears to be the dinitrophenylhydrazone of P2C (Table 4) .
Paper chromatograms of the 2 ,4-dinitrophenylhvdrazone of the residual carbonyl compound in medium A, after growth of the cells or in the total extract of disrupted cells, indicate that a-ketoglutaric acid is the only carbonyl substance present.. This was verified by the use of two different sol-ent systems: (a) n-butanol saturated with ammonia anid (b) n-butar.ol-acetic acid-water. In solvent a, the 2, 4-dinitrophenylhydrazone derivative of a-keto-glutaric acid and that of the unknown had an RF value of 0.17; in solvent b, both of these had an RF of about 0.75. Spectral stuidies. 'The reaction product of induced L-proline oxidase from HI. subpelliculosa mitochonldria has a maximal absorbancv at 270 m,u and a minimal absorbancy at 248 mgt, with little change in the peak and furrow due to aging of the compound (Fig. 2) . T'his product was eluted from the paper chromatogram, and the absorbancy was determined with the use of a DU spectrophotomner. The spectrum of the freshly eluted D-proline digest from sheep kidney acetone powder had a peak corresponding to that of the yeast enzyme product, and there was some evidence of a furrow with a minimal value. However, when this comlpound had been aged on the chromatogram at room temperature for 1 week prior to elution, the spectrum of the product had the same maximal and minimal values as did the product of induced proline oxidase activity from H. subpelliculosa. This is comparable to the changes due to aging of P5C (Johnson and Strecker, 1962) .
For comparative purposes, the spectrum was determined for freshly prepared and aged aque- aetivity for NAD+ enzymes. 'T'hese enzymes were active for the substrates, P2C from H. subpelliculosa and from the sheel) kidney, and for the svnthetic P5C. The soluble NAD+ enzyme from this N-east N-as active upon the products of the yeast l)roline oxidase, Nhen the oxidation digest w-as used directly without treatment (Fig. 3) .
However, the P2C from D-proline oxidase of sheep kidney must be isolated by paper chromatography before it can serve as substrate of the NAD+ enzyme, because the digest appears to contain an inhibitor to this enzyme (Fig. 4) . The (1) In the conversion of P5C (glutamic-,y-semialdehyde) by NAD+ enzymes to L-glutamate, there is no release of ammonia. All the evidence accumulated in this and other studies in our laboratory indicate that the concentration of NAD+ glutamic dehydrogenase is too low to convert glutamic acid into a-ketoglutaric acid and ammonia. Other studies in our laboratory showed that the ratio of glucose carbon to ammonia nitrogen for assimilation and growth of this yeast strain Because the NAD+ glutamic dehydrogenase concentration is not of sufficient concentration to split L-glutamic acid into ammonia and a-ketoglutaric acid, the ammonia released during the utilization of L-proline as a carbon source must come from the activity of a-keto-b-amino-valeric acid dehydrogenase upon P2C (a-keto-a-aminovalerie acid) to form ammonia and a-ketoglutaric acid. To our knowledge, this is the first report of this enzyme system. A diagrammatic presentation of these pathways for the utilization of L-proline by cells of this yeast is given in Fig. 6 .
